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In this talk, multiquarks are studied microscopically in a standard quark model. 
In pure ground-state pentaquarks the short-range interaction is computed and it 
is shown to be repulsive, a narrow pentaquark cannot be in the groundstate. As a 
possible excitation, an additional quark-antiquark pair is then considered, and this 
is suggested to produce linear molecular system, with a narrow decay width. This 
excitation may be energetically favourable to the p-wave excitation suggested by 
the other pentaquark models. Here, the quarks assemble in three hadronic clusters, 
and the central hadron provides stability. The possible crypto-heptaquark hadrons 
with exotic pentaquark flavours are studied. 



Exotic multiquarks are expected since the early works of Jaffe 
^, and the masses and decays in the SU(3) exotic anti-decuplet 
were first predicted within the chiral soliton model ^. The pen- 
taquarks have been revived recently by several searches of the 0+(154O) 
3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20^ fi^s^ discovered at LEPS 3, and by 
searches of the S~(1860) 21,22,23 ^j^g D*-p(3100) observed 

respectively at NA49 and at HI ^4 Pentaquark structures have also 
been studied on the lattice 25, 26, 27, 28, 29, 30, 31, 32_ ]\/[oreover multiquarks are 
favoured by the presence of several different flavours 33,34,35^ r^-^^ observa- 
tion of the £'*^p(3100) at HI, the observation of double-charmed baryons at 
SELEX and the future search of double-charmed baryons at COMPASS 
suggest that new pentaquarks with heavy quarks may be discovered. 

In this talk it is shown that the pentaquarks cannot be in the ground- 
state. The lowest excitation consists in including a light quark-antiquark 
pair in the system. This results in a hcptaquark and in a linear molecular 
system. The possible crypto-heptaquark hadrons with exotic pentaquark 
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flavours, with strange, charmed and bottomed quarks, arc studied. Re- 
cently this principle was used to suggest that the 6"'"(1540) is a K • tt • N 
molecule with binding energy of 30 MeV 38.39.40^ S~(1862) is a 

K • N • K molecule with a binding energy of 60 MeV ^^'^^ . I also suggest 
that the new positive parity scalar Ds(2320) and axial Ds+(246G) arc KuD 
and K • D* multiquarks and that the £'*~j3(3100) is consistent with a 
D* •wN linear molecule with an energy of 15 MeV above threshold 38.43 
A systematic search of similar structures has also been performed These 
recent results are now reviewed. 

Here I study multiquarks microscopically with a standard quark-model 
(QM) Hamiltonian. The energy of the multiquark state, and the short 
range interaction of the mcsonic or baryonic subclusters of the multiquark 
are computed with the multiquark matrix clement of the QM Hamiltonian, 



Each quark or antiquark has a kinetic energy T^. The colour-dependent two- 
body interaction Vij includes the standard confining and hyperfine terms, 



The potential of eq. (2) reproduces the meson and baryon spectrum with 
quark and antiquark bound states (from heavy quarkonium to the light pion 
mass). Moreover, the Resonating Group Method (RGM) was applied by 
Ribeiro, '^^ Toki and Oka to show that in exotic N + N scattering 
the quark two-body-potential, together with the Pauli repulsion of quarks, 
explains the N + N hard core repulsion. Recently, a breakthrough was 
achieved in chiral symmetric quark models. These models are inspired in 
the original work of Nambu and Jona-Lasinio . Addressing a tetraquark 
system with tt + Tr quantum numbers, it was shown that the QM with the 
quark- antiquark annihilation Ajj also fully complies with chiral symmetry, 
including the Adler zero and the Weinberg theorem 51,52 

For the purpose of this talk, only the matrix elements of the potentials 
in eq. (1) matter. The hadron spectrum constrains the hyperfine potential. 




(1) 



Vij = -r^Ai • Vconfir) + Vhyp{r)Si ■ Sj 



(2) 




(3) 



The pion mass 



, constrains the annihilation potential. 



{A)s=o--^{2Mn-M^) , 



(4) 
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and this is correct for the annihilation of u or quarks. 

The annihilation potential only shows up in non-exotic channels, and it 
is clear from eq. (4) that the annihilation potential provides an attractive 
(negative) interaction. The quark-quark(antiquark) potential is dominated 
by the interplay of the hyperfine interaction of eq. (3) and the Pauli quark 
exchange. In s-wave systems with low spin this results in a repulsive inter- 
action. Therefore, I arrive at the attraction/repulsion criterion for ground- 
state hadrons: 

- whenever the two interacting hadrons have quarks (or antiquarks) with a 
common flavour, the repulsion is increased by the Pauli principle; 

- when the two interacting hadrons have a quark and an antiquark with the 
same flavour, the attraction is enhanced by the quark- antiquark annihila- 
tion. 

For instance, uud — su is attractive, and uud — us is repulsive. This qual- 
itative rule is confirmed by quantitative computations of the short-range 
interactions of the tt, N, K, D, D* , B, B* 38,42,43,4i,50,5i,52 

The attraction/repulsion criterion shows clearly that the exotic ground- 
state pentaquarks, containing five quarks only, are repelled. If the pen- 
taquark could be forced to remain in the groundstate, this repulsion would 
provide a mass of 1535 MeV, close to the 6+ mass. There is an evidence of 
such a negative parity state both in quark model calculations and in lattice 
computations. However the existence of this groundstate can only appear as 
an artifact in simulations that deny the decay into the K — N channel. Ac- 
tually the groundstate is completely open to a strong decay into the K — N 
channel, and this decay is further enhanced by the repulsion. It is indeed 
well known that any narrow pentaquark must contain an excitation, to pre- 
vent a decay width of hundreds of MeV to a meson-baryon channel. This 
is understood in the diquark and string model of Jaffe and Wiczek and 
Karliner and Lipkin and in the Skyrme model of Diakonov, Petrov and 
Polyakov ^. These models suggest that the pentaquarks include a p-wave, 
or rotational excitation. However this excitation usually leads to a higher 
energy shift than the one observed, and a novel energy cancellation remains 
to be consistently provided. A candidate for the energy cancellation is the 
flavour- hyperfine interaction of Stancu and Riska . Although these mod- 
els are quite appealing, and they have been advocating pentaquarks for a 
long time, here I propose a diflferent mechanism, which is more plausible in 
a standard quark model approach. Moreover this mechanism is in a sense 
confirmed in recent lattice computations, where pentaquarks with p-wave 
excitations indeed have a higher mass than the observed pentaquarks. 
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Table 1. Exotic-flavour pentaquarks with no heavy quark. 



flavour 


linear molecule 


mass [GeV] decay channels 


/ = 1/2, ssssl(+3lT) : 


flve-hadron molecule 




1 = 1, sssll{+2lT) : 


four-hadron molecule 




I = 3/2, sslll{+ll) = 


si • III • si : 
K • N m K = 3 — 


1.86 + S, TT + S 


1 = 2, smi{+ii) = 


si • III • iT. 


pion unbound 


I = 5/2, UUT{+ll) = 


11 mill •11: 


pion unbound 


1 = 0. = 


is mil mill : 

K • TT • A = e 


l.r,i K + N 



In this talk I consider that a s-wave flavour-singlet light quark- antiquark 
pair U is added to the pentaquark M. The resulting heptaquark M' is a 
state with parity opposite to the original M due to the intrinsic parity 
of fermions and anti-fermions. The ground-state of M' is also naturally 
rearranged in a s-wave baryon and in two s-wave mesons, where the two 
outer hadrons arc repelled, while the central hadron provides stability. Be- 
cause the s-wave pion is the lightest hadron, the minimum energy needed 
to create a quark-antiquark pair can be as small as 100 MeV. This energy 
shift is lower than the typical energy of 300-600 MeV of spin-isospin or 
angular excitations in hadrons. Moreover, the low-energy p-wave decay of 
the heptaquarks M' (after the extra quark-antiquark pair is annihilated) 
results in a very narrow decay width, consistent with the observed exotic 
flavour pentaquarks. 

I now detail the strategy to find the possible linear heptaquark 
molecules, neglecting higher Fock space excitations. 

a) The top quark is excluded because it is too unstable. To minimise the 
short-range repulsion and to increase the attraction of the thrcc-hadron 
system, I only consider pentaquarks with a minimally exotic isospin, and 
with low spin. 

b) Here the flavour is decomposed in an s-wave system of a spin 1/2 baryon 
and two pseudoscalar mesons, except for the vectors D* and B* which are 
also considered. 

c) I consider as candidates for narrow pentaquarks systems where one 
hadron is attracted by both other ones. The criterion is used to discrimi- 
nate which hadrons are bound and which are repelled. 
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Table 2. Exotic flavour pentaquarks with one heavy quark. 





flavour 


linear molecule 


mass [GeV] 




decay channels 




/ = 


1/2, Hsssl{+2 11) : 


four-hadron molecule 










/ = 


= 1, HsslT{+lT) = 


si • IIH • sT : 
















3.23 ± 0.03 












K»Ai»K 


6.57 ±0.03 




AT + Sb, TT + 




/ = 


3/2, Hslll{+ll) = 


si •III •HI: 














K^N •D 


3.25 ± 0.03 


+ Sc, D + S, TT + 










3.39 ± 0.03 


K - 


f Sc, D* + S, 7r4 








K^N^B 


6.66 ±0.03 


K 


±Sb, B + E, 7r + 


— f) 






K^N^B* 


6.71 ±0.03 


k - 


f S(„ B* +S, 7r4 


■ ^6 


I 


= 2, HlUl{+ll) = 


11 • III • HI : 


pion unbound 








I = 


1/2, Hllls(+ll) = 


Is^lUllH : 














K •IT* J^c 


3.08 ±0.03 




-Ac, + D., 


+ N 






• TT • Sj, 


6.41 ±0.1 


K-i 




+ N 


I = 


1/2, mils{+ll) = 


Is •HI till : 
















3.25 ±0.03 


K + 


Ac, K + Sc, Ds 


+ N 






K •D* •N 


3.39 ±0.03 


K + 


Ac, K + T.C, D* 


+ N 






K^B^N 


6.66 ± 0.03 


K + A^, K + Et,, Bs 


+ N 






K^B* •N 


6.71 ± 0.03 


K + Ai, JsT + Sfe, B* 


+ N 



d) In the case of some exotic flavour pentaquarks, only a four-hadron- 

molecule or a five-hadron-molecule would bind. These cases are not de- 
tailed, because they are diSicult to create in the laboratory. 

e) Moreover, in the particular case where one of the three hadrons is a tt, 
binding is only assumed if the tt is the central hadron, attracted both by 
the other two ones. The tt is too light to be bound by just one hadron 

f) The masses of the bound states with a pion are computed assuming a to- 
tal binding energy of the order of 10 MeV, averaging the binding energy of 
the 0+ and of the D*~p system in the molecular perspective. The masses 
of the other bound states are computed assuming a total binding energy of 
the order of 50 MeV, averaging the binding energies of the S^^ and of the 
new positive-parity Ds mesons. 

g) This results in an error bar of ± 30 MeV for the mass. When one of 
the three hadrons is not listed by the Particle Data Group its mass is 
extracted from a lattice computation and the error bar is ± 100 MeV. 
e) Although three-body decay channels are possible through quark rear- 
rangement, their observation requires high experimental statistics. Only 
some of the different possible two-body decay processes are detailed here. 
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Table 3. 


Exotic flavour pentaquarks 


with one heavy anti-quark. 








flavour 


linear molecule 


mass [GeV] 


decay channels 




/ = 


= 0, ssssH{+3lT) : 


five-hadron molecule 










/ = 


1/2, ssslH{+2 IT) : 


four-hadron molecule 










1 


= 0, SSUM ) = 


Iri • (t • Iss 














D •Tr»S 


3.31 ±0.03 


B> + S, 


Ds+A 








D* •TTtE 


3.45 ± 0.03 


D* + S, D* 


+ A, D, 


+ A 






B • TT • S 


6.73 ± 0.03 


B + S, 


Bs+A 








B* • TT • S 


6.77 ±0.03 


B* + S, BJ 


+ A, B, 


+ A 


I = 


-- 1/2, slllH{+ll) = 


lH»lUlls 
















3.19 ±0.03 


D + A,D- 


h S, Da H 


-A/" 








3.33 ± 0.03 


D* + A, D* 


+ S, 


+ AT 






B • TT • E 


6.60 ±0.03 


B + A,BA 


h S, Bs 4 


- N 






B* • TT • S 


6.64 ±0.03 


B* ± A, B* 


+ E, B* 


+ N 


I = 


-- 1/2, slllH{+lT) = 


lH»sT»lll 














D»K mN 


3.25 ±0.03 


D + A,D- 


hS, Da 4 


- N 






D* •k»N 


3.39 ±0.03 


D* + A, D* 


+ S, D* 


+ N 






BmKtN 


6.66 ± 0.03 


B + A, BH 


h S, B, + AT 






B* mRtN 


6.71 ± 0.03 


B* + A, B* 


+ S, B* 


+ N 


I 


= 0, llllH{+ll) = 


lH»lUlll 














D»n»N 


2.93 ± 0.03 


B> + AT 








D* •■K»N= D*-p 


3.10 


D* + N, D + N 








B»7r»Ar 


6.35 ± 0.03 


B 


±Af 








B* •TT»N 


6.39 ± 0.03 


B* + N,B + N 





To conclude, this work has performed a systematic search of exotic- 
flavour pentaquarks, using the heptaquark, or hnear three-body hadronic- 

molcciilc perspective. This perspective is the result of standard QM compu- 
tations of pentaquarks and hepatquark masses and of hadron-hadron short- 
range interactions. A large number of new exotic flavour-pentaquarks are 
predicted in Tables 1 , 2 and 3 together with their two-body decay channels. 
The systems with more than one heavy antiquark are very numerous and 
they are omitted here. Moreover, some new multiquarks may be easier to 
bind than the presently observed exotic pentaquarks. 
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